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INTRODUCTI OM 
Truss type structures are receiv ing consiuerable a t ten t i on  f o r  
appl i  cat ion as large-area, low-mass , space platforms. These p l a t  forms 
would serve t o  support the functional equipment required fo r  future 
space missions being considered by NASA such as so la r  energy co l lec t ion ,  
comnun i cations antennas , and ear th resources survei 1 1 ance. The octetruss 
( tet rahedral  t russ)  s t ruc ture  (refs. 1 & 2 )  i s  cine promising concept f o r  
t h i s  appl icat ion, and the nestable, tapered. graphi te-epoxy (Gr/E) column 
described i n  reference 3 i s  an a t t r a c t i v e  candidate f o r  use as the prime 
element of an erectable type octetruss. Due t o  t h e i r  nest ing character- 
i s t i c s ,  these columns may be packaged t i g h t l y  f o r  e f f i c i e n t  t ransportat ion 
i n t o  o r b i t  v ia  Space Shut t le  f l i g h t s  ( re f .  3) .  They are a lso h igh ly  
e f f i c i en t  compression members and can be designed t o  have small thermal 
expansion character is t ics.  
The nestable column concept f o r  t russ s t ruc ture  elements, however, 
no t  only requires the usual engineering concern f o r  some type o f  s table 
"c lus ter  j o i n t "  a t  nodes where mu l t i p le  tru;s elements converge a t  a 
point,  but  has the addi t ional  requirement f o r  a "center j o i n t "  i n  the 
middle o f  each o f  the truss elements. Since G r / E  elements of large space 
truss platforms w i l l  funct ion as long slender columns i n  an extremely low 
s t r a i n  range ( re f .  4 ) ,  i t  i s  important t o  invest igate the ef fect  of such 
j o i n t s  on s t a b i l i t y  behavior as we l l  as assess the v a l i d i t y  o f  using, for  
analysis predict ions, standard mater ia l  propert ies f o r  Gr /E  determined 
from coupons tested under much la rger  s t r a i n  ranges. 
Same preliminary buckling t es t  resul ts f o r  two Gr/E nestable 
columns have already been presented i n  reference 4. The purpose o f  
the present paper i s  t o  present detai led data on t te  columns and center 
j o i n t  o f  reference 4 f o r  completeness, and t o  prtsent buckling data 
for addit ional c o l m s  as wel l  as a t r ipod  arrangement of these 
columns using a c luster jo in t .  The objectives o f  these tests are: 
(1) t o  gain ins ight  i n t o  j o i n t  requirements f o r  truss structures, (2) 
t o  assess the structural  qua l i t ies  o f  the column and center j o i n t  designs, 
(3) t o  investigate the res t ra in t  provided by octetruss core members 
( t r ipod)  t o  the c luster jo ints,  (4) t o  provide ins ight  i n t o  the level 
o f  analysis required to  predict  buckl ing behavior o f  Gr /E nestable 
columns both as simple columns and i n  a t r ipod  arrangement, and (5) 
t o  provide a data base for  Gr/E nestable columns. 
SYMBOLS 
arb i t ra ry  constant (see eq. A ( 5 ) )  
cross-sectional area 
length o f  truncated segment of tapered bar (see f i g .  23) 
a rb i t ra ry  constant (see eq. A ( 5 ) )  
E modulus of e l  as ti c i t y  
E~~ modulus o f  elas t i  c i  t y  f o r  aluminum 
modulus of e l  as t i c i  t y  f o r  graphi te-epoxy 
F applied force a t  apex o f  t r ipod (see Table 7) 
Fcr buckling value o f  applied load a t  apex o f  t r ipod 
Imax maximum cross-sectional moment o f  i n e r t i a  o f  uniform 
thickness tapered tube 
'mi n minimum cr3ss-sectional moment o f  i n e r t i a  o f  uniform 
t h i  cknes; tapered tube 
I x moment o f  i n e r t i a  o f  tube cross-section 
J ~ *  J1' J-l Bessel functions o f  the f i r s t  k ind 
L simply supported column length 
i column specimen length 
ha1 f-column length 
segment lengths o f  h a l f - c o l m s  (i = 1, 2, 3, 4, 5; 
see f i g .  19: 
ii lengths o f  nestable half-columns jo ined t o  form 
complete column ( i  = 1, 2; see Table 1)  
m buckling fac tor  for tapered tube column (see f i g .  17) 
P ax ia l  load on column 
P 
c r i  t Euler buckling load of tapered tube column 
r r 
MX, min maximum and minimum r a d i i  , respecti vely , o f  tapered tube 
(see f ig.  23) 
rl* r2 end r a d i i  o f  graphi te-epoxy segment of h a l f - c o l m  (see 
fig. 19) 
- - - -  
rO, r3* r4, r5 average r a d i i  o f  segments o f  half-columns (see f ig .  19) 
ti wal l  thicknesses o f  segments o f  half-columns 
( I  = 1, 2, 3, 4, 5; See f ig. 19) 
X *Y coordinates of tapered tube (see fig. 23) 
Yo, Y1* Ye1 Bessel functions of the second k ind 
average end-shortening of column 
average measured end-shortening o f  column 
average axia l  s t r a i n  
average ax ia l  stress 
angle o f  applied load a t  apex 07 t r igod (see Table 7) 
DESCRIPTION OF TEST SPECIMENS 
Composite Columns 
The t es t  specimens are doubly-tapered, tubular columns o f  graphite- 
epoxy ( W E )  construction. The f u l l  colunm i s  assembled from two 
tapered, half-column elements (see sketch i n  Table 1)  which are jo ined 
together a t  t h e i r  1 arge r a d i i  ends. Two dif ferent wal l  layups were used. 
The specimen designations , p ly  layups, dimensions and masses ( including 
end f i t t ing:) are siven i n  Table 1. Specimens designated C3, C4A, C4B, 
and C4C were tested as colunms only, whi l e  those designated TA, TB, and 
TC were tested as columns as wel l  as i n  a t r ipod arrangement. A l l  o f  
the specimens were fabricated on the same mandrel and thus have s im i la r  
ins ide dimensions. Gores f o r  the 0' layers were cut (as shown i n  the 
sketch below Table 1 ) from 7.62 crn wide T30015208 C..-/E, unidi rect ional ,  
pwpreg, tape which had a nominal cured thickness o f  0.14 mn. The inner 
and outer 90' layers were wound using 1.27 an wide tape of the same 
material but having a nominal cured thickness o f  0.076 mn. Nominal 
material properties are given i n  Table 2. 
Center Joints 
7n the nestable column concept, the truss eler.!ents are manufactured 
i n  half-column lengths which can be nested i n t o  compact bundles containing 
many half-columns f o r  Shutt le transportat ion as indicated i n  f igure 1. The 
half-columns are assembled i n t o  f b l l  colunln elements a f t e r  o r b i t  i s  
achieved. Thus, a center j o i n t  i s  required which i s  r e l i ab le  and easy t o  
assemble. One plausib le concept, o r i g i na l l y  presented i n  re f .  3 can 
be seen attached to the column i n  f igure 1. This j o i n t  uses external 
in ter lock ing l ea f  springs which are tapered t o  enhance alignment o f  
the j o i n t  halves and requires only a simple t ranslat ional  motion f o r  
assembly. The de ta i l  configurat ion and operation o f  t h i s  j o i n t  may 
be seen more c lear ly  i n  the three photographs i n  figure 2. Figure 2(a) 
shows the j o i n t  unassembled. I n  f igure 2(b) assembly has been in i t i a ted ,  
but the two ident ica l  halves must be pushed together before locking 
occurs. Figure 2(c) shows the j o i n t  f u l l y  assembled. As can be seen, 
use of external l e a f  springs permits visual inspection of the j o i n t  t o  
ve r i f y  that  locking has occurred. A l l  o f  the t e s t  specimens were 
fabricated wi th these ident ica l  center jo in ts .  The j o i n t s  were fab r i  - 
cated from 7075 aluminum and bonded t o  the ins ide surface o f  the column 
during fabr icat ion o f  the colum~. 
End Joints 
I n  addit ion t o  the center j o i n t ,  the truss elements must also be 
provided w i t h  end j o i n t s  capable o f  being joined i n  a nine element 
c luster  typical  o f  the octetrus. The concept used f o r  the present tests 
i s  shown i n  two views i n  f igure 3. The cy l ind r i ca l  c levis receiver 
sleeve t o  the extreme l e f t  i n  the two photographs i s  bonded t o  the 
inside surface o f  the Gr /E  column during fabr icat ion o f  the column. 
Next, a snap-in c levis j o i n t  using a steel  snap-ring i s  used t o  form 
the t rans i t ion from the column t o  the c lus ter  j o i n t  shown a t  the extreme 
r i g h t  i n  f igure 3. (The c lus ter  j o i n t ,  o f  course. was used only i n  the 
t r i pod  tests). The c lev is  j o i n t  i s  shown being inserted i n t o  the 
column (without the snap-ring) i n  f igure 4(a) .  Figure 4(b) shows 
the c lev is  f u l l y  ins ta l led.  This j o i n t  could eas i ly  have been made 
i n  one piece, but f o r  laboratory t es t  purposes a two piece j o i n t  was 
more advantageous since i t  allows d i f ferent  end-joint concepts t o  be 
used wi th  the same column. A l l  of the specimens tested were equipped 
w i th  c levis type end f i t t i n g s ,  except f o r  specimens C3 and C4A which 
were fabricated p r i o r  t o  the design o f  the c lev is  j o i ~ t  and were 
equipped wi th  a threaded stud as shown i n  figure 5. 
Cluster Jo in t  
A c lus ter  j o i n t  i s  required where mul t ip le  column elements o f  a 
truss structure converge a t  a point.  For the octetruss platform, a 
c lus ter  j o i n t  must accomodate nine such elements. The c lus ter  j o i n t  
used i n  t h i s  invest igat ion i s  shown i n  f igure 3. I t  was designed t o  
be l ightweight and have small out-of-plane bending s t i f fness i n  each 
of the nine attachment legs t o  reduce thermal d is to r t ion  of the truss. 
The j o i n t  i s  also required t o  perni t i ns ta l l a t i on  o f  a " r i g i d "  column 
element between two c luster  j o i n t s  f ixed i n  :pace. Figure 6 indicates 
how the assembly i s  achieved. A column element wi th  c lev is  j o i n t s  
attached t o  each end and properly oriented i s  brought i n t o  pos i t ion so 
tha t  the clevises l i e  between two adjacent legs o f  each of the two 
f ixed c lus ter  jo in ts .  (Only one o f  these jo in ts  i s  shown i n  f igure 6). 
The en t i re  column i s  then slipped t o  the side so that t! i l e v i s  s l idns 
over the c lus ter  j o i n t  leg. The holes are then l i ned  up and assembly 
i s  completed by i r lser t ing fasteners i n t o  the holes. !t i s  anticipated 
that  the use o f  fasteners would be res t r i c ted  t o  laboratory tests 
only. Figure 7 shows a c lus ter  j o i n t  i ns ta l led  for the t r i pod  tests 
using bo l t s  for the f i n a l  assembly. Note tha t  the res t ra i n t  t o  the 
c lus ter  j o i n t  provided by the s i x  surface member colunns. which would 
be present i n  an octetrmss arrangement, was not  simulated f o r  t h i s  test .  
(The white frame i n  the photograph i s  the loading f i x tu re ) .  4 sununary 
of masses of a l l  j o i n t  components i s  given i n  Table 3. 
Column I n i t i a l  Imperfecti.3ns 
Extensive measurements were taken t o  determine the i n i t i a l  im- 
perfection shapes of columns C3 and C4A. The resul ts are given i n  
figure 8(# f o r  column C3 and f igure 8(b) f o r  column C4A. As can be 
seen, column C3 had a mid-length i n i t i a l  imperfection o f  about 0.46 an, 
whereas column C4A had essent ia l ly  zero i n i t i a l  center deflect ion. It 
i s  shown i n  f igure 8, tha t  the mid-length i n i t i a l  in~perfect ion i s  h ighly 
dependent upon the or ientat ion o f  the ha l f - co lm~ is  a t  the time they are 
joined together. No detai led i n i  t i a l  imperfection measurements were 
taken on any o f  the other columns, although maximum mid-length i n i t i a l  
imperfection f o r  columns TA, TB, and TC were measured a ~ d  found t o  be 
.20 cm, .36 an, and .22 an, respectively. 
TEST APPARATUS, IPJSTRUMEfJTATION, AND PROCEDURE 
Simpiy Supported Column Buckling Tests 
Col umn tests were performed on a1 1 t e s t  specimens w i  t h  the columns 
mounted ve r t i ca l l y  i n  the loading f ix ture  as shown i n  figure 9. Simple 
support of the columns was achieved by the use o f  ball-and-cup jo in ts ,  
shown i n  the photographs i n  f i g .  10. For columns C4l3, C4C, T.1, TB, and 
TC special steel  bal l - type f i t t i ngs  were attached t o  the column c lev is  
j o i n t s  as shown i n  figure 10. The steel cup f i t t i n g s  were mounted t o  
d load c e l l  a t  the top end o f  the column and a hydraul ic jack a t  the 
bottom end. Teflon f i l m  arld lubr icat ion were inserted between the b a l l  
and the cup t o  el iminate ga l l i ng  o f  the b a l l  i n  the cup during the load 
cycle. For columns C3 and C4A, a steel  cone w i  t h  a ba l 1 end as shown 
i n  f igure 11 was used. 
The columns were loaded and end shortening was measured between 
two .476 an thick aluminum plates located perpendicular t o  the center- 
l i n e  o f  the column a t  both ends (see f igure 12 and f igure 9). Mea- 
surements were taken by three Direct  Current Displacement Transducers 
(DCDT's) located a t  each end, 120 degrees apart and 3.18 cm from the outside 
surface o f  the column wal l  on the end plates. A i  1 columns were loaded 
to  buckling a t  least  three times each t o  assess repeatab i l i ty  o f  the 
data. 
E l  as t i cal  l y  Supported Column Buck 1 i ng Tests 
The c luster  jo in ts  described previously (see figures 3, 6, and 7) 
w i l l  not provide true simple support end conditions to  the t r ipod  elements, 
9 
nor w i l l  the wa l l  mounting brackets (Fig. 13) used f o r  the t r i p o d  tests. 
Hence, i n  add i t ion  t o  the simply supported column tests,  the e l a s t i c  
r e s t r a i n t  o f  the aluminum "legs" o f  the c l u s t e r  j o i n t  and the wa l l  
brackets was a lso invest igated by column tes ts  o f  t r i p o d  elements TA 
and TB. The support hardware and terminology used are shcwn i n  f igure 
13. The bracket support i s  i den t i ca l  t o  th2 wa l l  mounting bracket used 
i n  the t r i p o d  tests. The blade support i s  representat ive o f  a  l e g  
of the c l u s t e r  j o i n t .  Columns TA and TB were tested t o  buckl ing 
fa i  l u r e  using various combinations o f  these end supports. 
Tr ipod Buckl ing Tests 
The t r i p o d  i s  shown mounted t o  the v e r t i c a l  w a l l  t e s t  f i x t u r e  
i n  f i gu re  7. The aluminum blade-type f i t t i n g  used t o  support the t r i p o d  
a t  the wal l  i s  shown i n  f i gu re  13(b). The c lev i s  j o i n t s  of the t r i p o d  
column elements were s l ipped over the blades o f  the f i t t i n g s  and b o l t s  
were inser ted  t o  secure the connections. The t r i p o d  was formed w i t h  
columns TA, TB, and TC i n  the arrangement shown i n  f i au re  14. Each o f  
the column elements were instrumented w i t h  three s t r a i n  gages located 
120' apar t  a t  a  long i tud ina l  s ta t i on  near the midlength o f  the column. 
The l9ad was appl ied a t  the apex o f  the t r i p o d  and d i rec ted  i n  a  
plane p a r a l l e l  t o  the base o f  the t r ipod.  The l ~ a d  was produced by a  
hydraul ic  jack operat ing on a  cable and p u l l y  sys<.?rn as shown schematically 
i n  f i gu re  14. The d i rec t i on  o f  loading was var ied by 30 increments by 
re loca t ing  the pu l l ey  as indicated. 
The c lus ter  j o i n t  described previously and shown i n  f igures 3, 6, and 7 
was designed f o r  a  4450 N load which i s  representat ive o f  loads tha t  may 
occur i n  the surface elements o f  very la rge  octetruss space s t ruc tu re  
(several square ki lometers).  Core members, o f  which the t r i p o d  i s  somewhat 
representative, would ac tua l l y  see only  a f rac t ion  o f  t h i s  load. The 
t r i p o d  elements used i n  the tests, however, were o r i g i n a l l y  s ized t o  
preclude buckl ing a t  loads up t o  4450 N; hence, a stronger c l u s t e r  
j o i n t  had t o  be designed i n  order t o  buckle the t r i p o d  for  a l l  or ienta-  
t ions o f  the load. A photograph o f  t h i s  j o i n t  i s  shown compared w i t h  
the o r i g i n a l  c l us te r  j o i n t  i n  f i gu re  15. Note tha t  the three legs 
which would be attached t o  the t r i p o d  columns are o f  the same thickness 
as the o r i g i n a l  c l us te r  j o i n t  bu t  t ha t  f i f i a l  machining t o  remove the 
mater ia l  between the legs was not  performed. 
RESULTS AND DISCUSSION 
Simply Supported Column Buckl ing Tests and Analysis 
A representat ive load--end-shortening curve i s  shown i n  f i g u r e  16 
fo r  each specimen tested. I n  t h i s  type o f  f igure,  the curve f o r  a slender 
column w i  11 asymptot ical ly approach the column (Euler)  buck1 i ng load 
as the end-shortening increases under loading. I n  f i  gure 16, buck l ing  
loads calculated f ro f i  the column buckl ing theory o f  reference 5 are 
compared w i t h  the t e s t  data. From t h i s  theory the buckl ing load f o r  d 
doubly-tapered, laminated tube may be calculated from the fo l lowing 
expression : 
where E i s  Ycung's modulus of the laminate, Imax i s  the maximum 
moment o f  i n e r t i a  of the tube, and L i s  the length. The quant i ty  m 
i s  determined by the method o f  reference 5 and i s  given i n  f i g u r e  17 
as a funct ion o f  the r a t i o  rmin/rmaX. The development of the appro- 
p r i a t e  equdtions f o r  the determination o f  m i s  given i n  Appendix A. 
The buckl ing load can be expressed i n  terms a f  E t  (a measure 
3 o f  the column a x i a l  s t i f f n e s s )  by subs t i t u t i ng  nrmaxt f o r  Imax i n  
equation (1). The r e s u l t  i s :  
The calculat ions f o r  the buckl ing loads i n  f i gu re  16 are based on an 
E t  of the column determined from the l i n e a r  range o f  the load-end-shortening 
t e s t  data shown i n  the f igure.  The expression which re la tes  E t  of the 
doubly-tapered column t o  the measured load P and end-shortening 6 i s  
derived i n  Appendix B and given by equation B(8). As can be seen i n  
f igure 16, a l l  columns show buckl ing loads i n  good agreement w i t h  the 
t e s t  resu l ts .  An average theo re t i ca l  buckl ing load i s  given f o r  columns 
C4B, C4C, T,,, TB, and TC (hor izonta l  dashed l i n e )  since a l l  of these 
columns exh ib i ted  simi l a r  load--end-shortening behavior. The i nd i v idua l  
ca lcu lated buckl ing loads are presented i n  Table 4. The data shown 
i n  f i ga re  16 are taken from a given t e s t  o f  each specimen, however, data 
taken from successi ve buck1 i ng f a i  1 ure tes ts  o f  each col usn i b i  ted 
exce l len t  " repea tab i l i t y . "  The f a c t  t ha t  column C 3  had a l a rge r  i n i t i a l  
imperfection than a l l  tk other columns i s  indicated by the e a r l i e r  
nmlinea- behavior of the data for 'his specimen as canpared t o  the more 
l i near  character of the data f o r  a l l  other columns up t o  loads near the 
buckling load. An unexpected result ,  evident i n  f igure 16 i s  t ha t  a l l  
the c o l m s  with [90/04/9c] p l y  lavup. do no t  exh ib i t  s im i la r  s t i  ffnesses. 
The s t i f fness of c o l n m  C4A tends to agree wi th  the theoret ical  value 
based on nominal material and geometric properties while a1 1 o f  the 
remaining [90/04/90] co luns  exh ib i t  higher s t i f fness  character ist ics 
as indicated by the higher asymptotic and slope values compared t o  
colum C4A. I n  order t o  understand th is  behavior, several scmple 
sections were cut frmn one of the s t i f f e r  specimens and examined under 
a microscope. It was found tha t  many o f  the 0' gores were overlapped 
longi tudinal ly  during fabr icat ion o f  the specimens as indicated by 
the photograph i n  f igure 18(a). The photograph i s  a microscopic view 
of a section wi th the 0' graphite fibers oriented normal t o  the section. 
Five 0' p l ies  can be counted a t  both the l e f t  and r i g h t  hand sides o f  
the photograph, while four p l ies  are evident a t  the center. Complete 
circumferential scans were made of several sections to  determine the 
approximate percentage o f  excess p l ies  due t o  gore overlap. A schemat- 
i c  of sample results a r e  shown i n  figures 18(b) and indicate approxi- 
mately 40 percent o f  the circumference was comprised o f  excess 0' p l i es  
due t o  the overlap. Hence excessive ax ia l  s t i  fffiess behavior i s  
inevitable. Although a l l  o f  the remaining [90/04/90] t es t  specimens 
were cot  sectioned f o r  s im i la r  microscopic examination, i t  appears from 
the structural  behavior shown i n  f igure 16 tha t  gore overlap persisted 
tnroughout the length of the co lum for  a l l  of these colunms except 
An estimate of the ax ia l  st i f fness o f  the Cr/E port ion o f  the 
t es t  specimens based on measured load--end-shorteni ng data may be 
determined by solving the fo l lowing equation f o r  (Et,) : 
Gr /E  
where IS i s  the experimentally measured end-shortening under load 
exp 
P i n  the l i near  range o f  the data. Geatletric quant i t ies i n  equation (3) 
are defined i n  f igure 19. Note that  the short segnlents containing 
portions o f  the aluminum end f i t t i n g s  are treated as cylinders; hence 
the r a d i i  associdted wi th these segments are barred quant i t ies because 
they represent average values. As noted ear l i e r ,  the second tern  on 
the right-hand side o f  equation (3)  i s  derived i n  Appendix B and repre- 
sents the end-shortening o f  the long, doubly tapered G r / I  por t ion of the 
14 
column. The values o f  (Et2)6rlE calculated from equation (2) are 
given i n  Table 5. Note that the (Et+)GrlE of the s t i f fe r  (9010 J90) p ly  
colunms are 10 t o  13 percent greater than the value fo r  c o l t m  C4A. 
Note also, i n  figure 16, that the asymptotic values of the load--end- 
shortening curves exhibited by these higher st i f fness columns are also 
i n  the same percentage range above the buckling load o f  column C4A. 
To further ver i fy  that gore overlap i s  responsible f o r  t h i s  increased 
axial  stiffness behavior exhibited by the columns, theoretical (E%)GrlE 
i s  calculated using the method o f  reference 6 and plot ted i n  figure 20 
as a function o f  n, the nunber o f  zero degree pl ies i n  a (90/On190) 
type lminate. Figure 20 shows that (Et)Gr/E i s  essential ly a l inear 
function o f  n for t h i s  laminate and that the values computed by 
equation (3) f o r  columns C3 and C4A agree we1 1 with theory. The s l i gh t  
discrepancies shown should be expected because, i n  the manufacturing 
process, the way the gores were cut and l a i d  on the mandrel resulted i n  
only a portion o f  each gore having the filaments aligned i n  the t rue 
zero degree direction. I n  f igure 20 the intersection o f  the horizontal, 
dashcd, curve (representing the axial st i f fness o f  the s t i f f e r  colunms) 
with the long dashed curve passing through the data points fo r  columns 
C3 and C4A occurs a t  n = 4.4. Thus, the gore overlap i s  equivalent t o  
an additional zero degree layer with a thickness o f  40 percent o f  the 
or iginal  zero degree pl ies. This resul t  tends t o  verify the speculation 
of the m i  croscopic study given i n figure 18 that gore overlap occurred 
over 40 percent o f  the cross-section everywhere along the length o f  the 
col umns . 
Elas t i ca l l y  Supported Coluim Buck1 i ng  Tests and Analysis 
Results f o r  various combinations of e l as t i c  boundary conditions applied 
t o  c o l m s  TA and TB are presented i n  Table 6. The blade-blade resu l t  
most closely represents a column elernent between two c luster  j o i n t s  
i n  a large space truss platform. As can be seen, the blade-blade res t rd in t  
does closely approximate the simple support condition f o r  which the 
c luster  was designed showing less than a s i x  percent increase over the 
resu l t  for the s inply supported colum. For the t r ipod  test, however, a 
c lus ter  j o i n t  was used only a t  the apex o f  the t r i rad;  wal l  brackets 
being used a t  the three wal l  attachment points. This condition i s  best 
simulated by the bracket-blade coltann t es t  and i s  seen t o  increase the 
buckling load o f  coltl~ru~ TB by 21 percent above the simple support value. 
The bracket-bracket support condition was investigated w i t h  c o l m  TA 
and shows a 37 percent increase i n  buckling load over the simple support 
resul t .  The bracket;, however, were used solely f o r  the laboratory t es t  
and have no application i n  an octetruss space structure. 
Tripod Buckling Tests and Analysis 
0 The t r ipod test  bucl:ling loads, FCr' f o r  load direct ion, 9 = 0 , 
30°, and 60' are given i n  Table 7. The s t ra in  gages on the colum 
elements were monitored on an oscilloscope as a function o f  loading. 
Such load-strain curves are character ist ical ly  1 inear for slender 
s t ra ight  columns un t i  1 the buckling load i s  approached a t  which po in t  the 
stra ins become large f o r  small increments i n  the load. The asymptotic 
value o f  these curves was taken as the t r ipod buck 1 i ng load. Two 
buck1 ing loads are given for the 0 = 0' load d i  rectinn; one f o r  the 
standard c luster  j o i n t  and one f o r  the modified c luster jo in t .  (The 
standard c luster j o i n t  i s  very l ightweight and has marginal strength 
capabi l i ty  i n  the loading plane to carry the applied force required t o  
buckle the t r ipod for loads i n  the 30' and 60' directions; thus the 
heavier modified c luster  j o i n t  was used). A1 though the modified c luster  
j o i n t  was heavier than the standard c luster  jo in t ,  the addit ional 
stiffness a t  the t r ipod  connections caused only a three percent increase 
i n  the 0' buckling load over the value obtained wher, the standard 
c l  uster j o i n t  was used. 
For a theoret ical  comparison, the buckling behavior o f  the t r ipod  
subject t o  loads a t  the apex, directed i n  a plane para l le l  t o  the base 
of the t r ipod  was analyzed wi th the SPAR computer code (ref .  7). The 
primary function o f  t h i s  code i s  t o  perform stress, buckling, and 
v ibrat ional  analyses o f  l i near  f i n i  te-element systems. The f i n i t e  
element node1 i s  shown i n  f igure 21. To simulate the taper, each ha l f -  
c o l m  i s  divided i t i t o  eight general beam-type f i r i t e  elements which 
are numbered i n  the figure. Thus the t r ipod  f i n i t e  element model has 
a t o ta l  of 49 jo in ts  (294 degrees o f  freedom before application o f  
the boundary conditions). The aluminum blades (section no. 8, f ig .  21) 
a t  one end o f  the t r ipod  meders are assumed t o  be interconnected t o  
form the apex o f  the t r ipod  a t  which point compatibi l i ty of displacements 
and rotat ions i s  enforced. The wall brackets used i n  the actual tes ts  
provided an e las t i c  ~ s t r a i n t  a t  the base o f  the tripod. Detailed f i n i t e -  
element modeling o f  these brackets would be impractical; thus an alternate 
method was used t o  analyt ical ly simulate the appropriate mstra int .  This 
raethod involved clamping the aluminun blades a t  the boundary and in t ro -  
ducing an effective st i f fness f o r  the aluminum blades. The ef fect ive 
stiffness i s  determined by matching the buckling load f o r  the bracket- 
blade support condition fm the c o l m  test  (see Table 6) t o  the resul t  
frum a c o l m  buckling analysis o f  the ident ical  f i n i t e  element model 
of a column element o f  the tripod. The analytical buckling loads o f  
the t r ipod are compared with tes t  data i n  figure 22. The analytical 
buckling load for a l l  values o f  load orientation i s  given by the s o l i d  
l i n e  superimposed on a planfom view o f  the tripod. Note that the most 
c r i t i c a l  buckling load i s  predicted when only one of the t r ipod elemnts 
i s  i n  compression and the other two elements are under equal tensi le 
loads (6 = oO, 120°, o r  240'). The maximum buckling load for the 
structure occurs a t  9 = 60°, 180°, o r  300' when two o f  the elements 
are under equsi compressive loads and the other element i s  i n  tension. 
The agreement with the tes t  data a t  e = 0' i s  very good for the standard 
cluster j o i n t  (within three percent), thus the assumption o f  boundary 
restraints equal t o  the bracket-blade support arrangement from the column 
test  appears valid. The modified cluster jo in t ,  however, does add some 
additional restraint  t o  the tr ipad (exhibited by the separation of the two 
data points a t  0 = 0') which was not included i n  the analysis. Neglecting 
th is  additional boundary restraint ,  however, does not account for the 
inconsistency o f  the test data which f a l l s  above theorxtical predictlons 
a t  9 = 0' and 30' but below theory a t  0 = 60'. A plausible explanation 
i s  that  the e last ic  behavior o f  the cluster j o i n t  i s  not. constant for 
a l l  or ientat ions o f  the applied load, F. It i s  l i k e l j  th:t the tendency 
for  the c lus ter  j o i n t  t o  remain a f ixed node i n  space would be greater 
when two o f  i t s  supporting elements are i n  tension ( 0  = 0') than when 
only one support i tg element i s  i n  tension ( 0  = 60'). This behavior, 
hawever, i s  pecul iar  t o  the t r ipod  tests and would probably be incon- 
sequential i n  a large space octetruss where the core members are l i g h t l y  
loaded, regardless o f  the loading d i rec t ion i n  the face-plane of the 
truss. Tests o f  larger s t ruc tura l  modules are necessary t o  address 
t h i s  question more accurately and appropriately . 
CONCLUDING REMARKS 
The buckling behavior o f  G r /  C nestable c o l m s  and a t r i pod  
arrangement of these columns including fi r s  t generati on j o i n t  concepts 
possessing features wkich are applicable t o  large-area trass-type 
space structures, has been experimental l y  investigated and carrgared w i t h  
theory. Frm t h i s  invest igat ion some ins igh t  i n t o  the j o i n t  designs 
as wel l  as colunm structural  behavior has been gained. Conclusions which 
can be drawn from th i s  invest igat ion are: 
1. Column bsckl ing loads are predictable w i t h  simple theory snd 
are apparently insensi t ive t o  the in ter lock ing center j o i n t  design used 
i n  th i s  investigation. 
2. Cyclic buckling does not appear t o  degrade the ax ia l  s t i f fness  
o f  the column nor the cont inui ty of the center j o i n t .  
3. Axial s t i f fness o f  the columns may be s ign i f i can t l y  a l tered 
during fabr icat ion unless care i s  taken t o  insure tndt  gaps or  overlaps 
between 0' p l i es  do not  occur. 
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4. The cluster j o i n t  i s  held re lat ive ly  stable i n  space by the 
tr ipod elements although there appears t o  be some variation i n  the 
rest ra int  a t  the cluster j o i n t  as the load direction varies. Such 
behavior may be a resul t  o f  the unusually heavy loading required to 
buckle the tr ipod and i s  expected t o  be insigni f icant i n  a large space 
octetrus where core h e r s  would be l i g h t l y  loaded. 
5. Tripod buckling loads are accurately ~ m d i c t e d  by a re la t i ve ly  
simple f i n i t e  element analysis when proper toundary rest ra int  i s  taken 
i n t o  account. 
APPENDIX A 
DERIVATION OF EQUATION FOR BUCKLING FACTOR, m, 
FOR TAPERED TUBES 
The Euler buckl ing load of a bar w i th  continuously varying 
cross-section i s  given by ( re f .  5) 
where E i s  Young's modulus of the material, L i s  the length o f  the 
bar, and the factor, m, i s  a function o f  the r a t i o  o f  Imin t o  Imx , the 
moments of i n e r t i a  a t  the small and large ends o f  the bar, respectively. 
I n  the case o f  tapered tubes o f  constant thickness the cross-sectional 
moment of i n e r t i a  varies according t o  the t h i r d  power of the distance 
along the bar. Thus the method presented i n  reference 5 i s  applicable 
t o  the Gr /E nestable column elements studied i n  the present paper. The 
range covered i n  the table o f  m values presented i n  reference 5, however, 
does not include column geometries studied i n  the present paper, nor i s  
thr appropriate equation presented from which m can be calculated. The 
requi red equation i s  developed i n  t h i s  appendix. 
The moment of i ne r t ia ,  I,, a t  any axia l  s ta t ion o f  a tapered tube 
can be expressed as 
where Imin i s  the moment o f  i n e r t i a  a t  the small end. The tube 
geometry and coordinate system are shown i n  f igure 23. The d i f f e ren t i a l  
equation o f  the def lect ion curve o f  the column under load p, then, i s  
which may be wr i t ten as 
Through a series o f  transformations given i n  reference 8, equation 
A(4) can be shown t o  be equivalent t o  Bessel 's  equation w i th  a knwm 
solution. Thus the solut ion t o  equation A(4) may be wr i t ten  as 
where J-l i s  a Bessel function o f  the f i r s t  kind and Y-l i s  a Bessel 
function o f  the second kind. The boundary conditions t o  be sat is f ied are 
Making the substitutions 
and 
a b = a + ~  
equations A(6) become 
and 
Using the fo1 lowing relat ions 
equations A(9) and A(10) mqy be wr i t ten  as 
For a non-tr iv ia l  solution f o r  A and B to  e x i s t  requires the determinant 
of the coeff ic ients t o  vanish. 
Recalling equations A(7) and A(1) and solving for  C yields 
and from figure 23 i t  can be determined that  
Letting 
1/3 , 
- min 
equations A ( 8 ) ,  A ( 1 4 )  and A ( 1 5 )  can be wri t ten as 
and 
Subst i tut ing equations A(16), A(  17) and A(18) i n t o  equation A(13) 
y ie lds  the desired re la t ion  
The smallest non-zero value o f  m sat is fy ing equation A(19) i s  the 
desired buckling factor  t o  be used i n  equation A ( 1 ) .  Values o f  the 
fac tor  m have been calculated and are p lo t ted as a function of 
'mi nlrmax i n  f igure 17. 
APPENDIX B 
END-SH0RTE)QIMG OF A TAFERED TUBE 
An expression =or the to ta l  end-shortening o f  a doubly-tapered 
tube (such as formed from two nestable half-columns) under a conpressive 
load, P, can be derived fm Hook's law, 
and the definit ions o f  simple stress 
and average st ra in 
." 
For a tapered tube o f  constant thickness c, the area, A, i s  a function 
o f  x, the axial coordinate; thus these equations apply only for a 
d i f ferent ia l  length over which the cross-section i s  constant. By 
substituting equations B(1) and B(2) i n to  the d i f ferent ia l  form of 
equation B(3), the end shortening over a d i f ferent ia l  length dx can 
be w r i  t ten as 
Pdx $ 6 ~  -
I E 
The to ta l  colum end-shortening i s  twice the integral o f  these i n f i n i t e s i -  
mal end-shortenings over the range of x from zero t o  L (column hal f -  
length) and may be expressed as 
where r (x )  i s  the radius of the tube. Lett ing rmin be the radius 
of the small end of a half-tube and 
rmax be the radius o f  the large 
end, the r i~d ius a t  any point i s  
r -  
r =  max rmin + R m i  n (0 5 x 5 
Substituting equation B(6, i n to  equation B(5) and integrating yields 
the expression for end-shortening o f  a doubly tapered, symnetric 
column o f  length L = 2L. 
PL r 6 = max I n  I- 2nEt(rmax - r PinJ r m i  n 
An axial stiffness measure, E t ,  of  the doubly-tapered column can be 
determined f r o m  equation B ( 7 ) ,  which i s  
P 
where ( i s  determined experimental ly . 
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Table 1.- Test Specimen Specifications 
Hal f-col urrm 
T~ Gore Pattern JP. 
L 
2.54 cm Gores cut f mm T300/5208 Gr/E Prepreg Un i di rectional Tape 
l i n e  o f  separation q "7.62 cm 
I 
*Mass includes one f u l l  center j o i n t  ( f i g .  Z ) ,  two threaded studs and two 
stud adapters ( f igure 5 ) .  
'Mass includes one f u l l  center j o i n t  ( f ig .  2)  and two clevis receiver 
sleeves ( f igure 3). 
Table 2. - Material Properties for 
T300/5208 Gr/E Unidirectional 
Prepreg Tape 
Table 3. - Masses o f  Joint Congonents 
Hardware 
Center Joint ( f ig.  2) 2 
Snap-In Clevis ( f ig .  3) 
Clevis receiver sleeve ( f ig .  3)  
Snap Ring ( f ig .  3) 
Cluster Joint ( f ig.  3) 
Threaded Stud ( f ig .  5 )  
(Used i n  Columns C3 & C4A) 
b --- 
Average Mass, gm 
80.7 
62.1 
24.9 
4.1 
60.5 
30.8 
Table 4.- Column Buckling Loads 
n n ~ t r k ~  
(a) Theoretical Buckling loads. Pcrit = 7, 
(L) 
Test Simple Support Buck1 ing Radi us E t 
Specimen Length, L Fact0r.m rmx (Exp.Co1.) 'cri t 
cm blN:m (Theory 1 un k N 
(b) Experimental Buckl i ng Loads and Comparison wi th  Theory 
Test 
Specimen 
*From Table 4(a) .  
Table 5. - Axial Stiffnesses o f  Gr/E Laminates Determined Froel Measured 
Deflections Using Equation (3) 
Test 
Specimen 
Table 6. - Influence of  End Supports 
on Column Buckl i ng  Load 
Nominal Layup 
Test 
Speci men 
T A 
-- 
TB 
TB 
TB 
-- - 
T A 
--- 
* 
See f igure 13 f o r  descript ion o f  b l i~de  and bracket 
support conditions. 
- 
*Support 
Condi t ions 
- - 
Simple 
Supports 
B l  ade-Blade 
- 
Bracket-Blade 
---- - 
Bracket-Bracket 
--- 
Experimental 
Buck1 i ng Load 
P err 
- ---.- 
k N 
6.490 
-- -- -------- 
6 - 3  70 
P 
6) ss 
-- 
1 .OO 
-- 
1.00 
--- .--.- -- - 
-6:22 
7.722 
--- - -- 
8.910 1.37 
----- - 
Table 7. - Tripad Experimental Buckling Loads 
*See figure 15. 
Load 
D i  rect i on 
6 O  
- 
0 
*-- 
l o  
30 
-- 
60 
* 
"Cluster 
Joint 
Standard 
Modi f ied  
k d i  f i  ed 
Modi f ied  
Buck1 ing 
Load, FCr 
k N 
6.85 
-- 
7.07 
8.36 I I 
, 
I 
I 
B y  ! 
12.65 L- 











spherical end 
(Typ. bath ends) 
L Steel cylinder with 
spherical end 
(Typ both ends) 
(a) Specimens C3 and C4A (b) Specimens C4B, C4C, TA, TB, and TC ' 
Figure 12.- End support arrangement and location o f  deflection 
measuring instrumentation (DCDT's). 
8 racket k , - 4  
Supporting 
structure 
Isometric view of bracket 
(a) Bracket 
(b) Blade 
Figure 13.- Bracket and blade end supports f o r  e l a s t i c a l l y  supported 
col urnn t e s t s  . 


Et determined from eq. (B7)and 
linear ranse of test data. 
0 
1- 
.05 .10 .15 .20 .25 .30 .35 
End-shortening, cm 
Figure 16. - Load--end-shortening data from column tes ts .  
Figure 17.-  Buckling f a c t o r ,  m, a s  a func t ion  of  t a p e r  r a t i o  f o r  a 
doubly t ape red  ttlho. 


\ (Eq. (3)) Theory (Ref. 6) 
/ I 
I Lam inate 
/' I t [9010"/*j i 
/ I tgO = 0.00762 cm I 
I to = 0.01397 cm 
I 
I 
I 
I 
I ! I 
4 5 
Number of 0' Plies 
F i  yure 20.- Column a x i a l  s t i f fness  parameter as a function of the 
number o f  0' pl ies.  
Sect ion 
1 
Length A rea 
cm 2 
9.922 
2.292 
L 851 
1.574 
L 277 
4. 3 16 
0.862 
0.484 
A l 
G r l E  
G r l  E 
G r l E  
G r l E  
Gr lE+AI  
A l 
Al  
GPa 
73.77 0.33 
133.90 0.09516 
133.90 0.09516 
133.90 0.09516 
133.90 0.09516 
81.21 0.29 
73.77 0.33 
73.77 0.33 
Figure 21.- F i n i t e  element model o f  t r ipod,  

Figure 23.- Geometry and co-ordinate systeni o f  tapered tube. 
